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© Apparatus for monitoring a sample having 'solid 1 and "liquid 1 content as hereinbefore defined, the apparatus 
comprising a magnetic field generator (3) for subjecting the sample to a static magnetic field in the first direction 
to cause the magnetic vectors of nuclei to precess about the first, direction; means (2) for reorienting the bulk 
magnetic vector of the sample so as to gain a component in a plane orthogonal to the first direction and for 
monitoring the resultant FID; and a controller (8) for causing the apparatus to carry out the following steps. 

i) Causing the bulk magnetic vector to gain a component in a second direction orthogonal to the first 
direction; 

ii) after a first relaxation period less than the time for the 'solid' component of the resulting FID to decay to 
zero, causing the spins of the nuclei to rephase in such a way as to give an echo from which the 'solid' 
component in the sample can be determined; 

iii) after a second relaxation period, following step (ii), and during which the part of the FID due to the 'solid' 
content of the sample decays to zero, causing the spins of the nuclei to rephase giving an echo arising from 
the 'liquid' component of the sample; and 

iv) monitoring the resultant FID signal after step (ii) and after step (iii) to obtain a measure of the 'solid' and 
'liquid' content of the sample. 



Fig. 1. 
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The inventus relates to methods and apparatus for monitoring samples and in particular to the 

Z^nS wi ,T P I " UC,ear ma9netiC r8S0nanCe < NMR) **■*,«». The invention is primarily 

concerned with re.at.vely low resolution pulsed NMR systems and should be contrasted I other 
techniques which operate in frequency selective modes 

mJIlS^rS^* 5 reS °T Ce re ' ieS °" the f3Ct th3t When Certain nuclei are ex P° sed to * uniform static 
magnetic field their magnetic vectors will process around the axis of the applied magnetic field with a 

^nUr^T t0 *" ° f field ThiS frequenCy iS known " ^frequency and is 

* 6 J "J " yHo where V is the gyromagnetic ratio of the particular nucleus and Ho is the 

nSL 5* m T C ^ d " A,i9nment ° f the m39netic moments of nuc ^ coatee a bulk mag 

P^sTnc wftnTa frLT' 6 ° ri f ^ al ° n9 H °- " 3 PUlSS ° f rf en8r9y iS app,ied ' *~ nuc,ai -ith spins 
precessing with the frequency or frequences of the pulse can absorb the rf energy and information about 

the nude, can be obtained from the subsequent relaxation and release of this energy 

a bu^vl'to^r^ manufaCtures and se,,s a P rodu <* known as the QP20 which can analyse samples at 
con^rJ Th ^i TT P TT &S SUCh 35 bU ' k nUC ' ear density ' chemical characteristics such as moisture 
C™, ^tT ^ Phy$,Cal characteristics s "ch as viscosity and solid/liquid ratio of constituents. 
The concept of sohdrfiquid rat,o determination extends to cover the discrimination of physically distinct 
S r the H relaxatlon times ma V b ° characterised as "fast" and "slow", relative to one anotheT 
maSt I"" ^ t K ° f differenCa " ,S kn0W " t0 app,y a si "9' e rf ^ which rotates me bulk 

mS thl » p S T P , ,e bV 90 " fr ° m th6 eQ . ui,ibrium P°^«on (referred to as a 90- pulse) and to 
J 0 * reSUtb r° Ree fnductlon Decay < FID > s ''9^l and obtain information relating to the fast and slow 
elaxmg phases erf the sample in the form of a ratio. These phases will henceforth be defined as 'solid' and 

^LS^ 8 ^/ 8 T d PreVi ° US,y ' ^ d6Scr W™ ™V »<* interpreted literally and 
.on TT t 3 at ' Ve relat,onshi P- ln one exam P'e a fast relaxation rate will be .ess than 10 us 
and a slow re.axat.on rate greater than 100 us corresponding to "solid" and "liquid" phases respectively 

relJZn'r^lT™ *** ^ ******* *•» *■* « given below, with approximate 
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"Fast- or '•Solid- 


"Slow" or "Liquid" 


Ice (appx. 10us) 

Crystalline Polyethylene (< 10 uS) 


Pure Water (around SOOmS) 
Amorphous polyethylene (appx. 35us) 



It will be noted that the relaxation rate of amorphous polyethylene is less than 100 us but in the context 
of amorphous polyethylene/crystalline.polyethylene this is relatively slow 

The problems with this process are firstly that the component of the FID due to 'liquid' varies 

SSS^T?* " 6 Z£T 8enaHy ° f mai " ma9n6tiC fie ' d apP ' ied to *• ^P' 6 ' - d -~dTS 

T T 1 d6CayS V6ry rapid ' y com P arison w ith typical instrument measurement times 
and XauW^nZr? T° -TT* °w 3 meth ° d for """"Dring a sample having 'solid' 

M iSl^T^^T^^^ ° 0mpriSeS SUbjeCtin9 th6 Samp,e to 3 « Wte ma 9" etic fie,d i" • 
first direction to cause a bulk magnetization of the sample in the first direction and 

direction; 9 •** bU ' k *° **" 3 Component in a second <«««««• orthogonal to the first 

ii) after a first relaxation period less than the time for the 'solid' component of the resulting FID to decay 
to zero, caus.ng the spins of the nuclei to rephase in such a way as to give an echo torn whic TZ 
'sohd' component in the sample can be determined- 

•LS e rnnw° n ^ re,aXatl0 I ri f °" OWin9 St6p and durin9 which * e P art of *• ™ due to the 

the spins of the nuc,ei to rephase 9 - 9 - — 
:L m s^7Ts^ nal after * ep m and after * p (iio to obtain a ~ e ° f the ,s ° ,id ' 

•^.iU ^H 0rdan ^. ^ 3 f 00 ^ aSP8Ct ° f the Present invention ' a PParatus for monitoring a sample having 

magnefic field ,n the first direction to cause the magnetic vectors of nuclei to precess about the fiS 
d rection; means for reorienting the bulk magnetic vector of the sample so as to gain a component in a 

TLT^T t0 ** direCti ° n and f ° r m ° nit0rin9 the resu 'tant FID; and conU mentor Sus^g 
the apparatus to carry out the steps of a method in accordance with the first aspect of the invention. 9 
The advantage of this method and apparatus is that information about the phase composition of the 
sample can be obtained without reference to calibrants and without the inaccuracies SSSTSlJS 
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tion and weighting factor techniques. Also, information about the solid and liquid content of the sample can 
be obtained in a single sequence and relatively quickly compared with the known techniques. 

The steps of changing the orientation of the bulk magnetic vector could be carried out by imposing 
gradient magnetic fields on the sample in order to change the magnetic field in the vicinity of the nuclei but 
5 is preferably carried out by applying pulses of rf electromagnetic energy to the sample. 

Typically, the first relaxation period is less than 25 us, preferably in the range 1-15 microseconds while 
the second relaxation period is typically greater than 25 jxs, preferably at least 70 us. 

Typically, the step of monitoring the 'solid* component comprises monitoring the FID signal immediately 
following step i); monitoring the FID signal following step ii) from the point at which the FID signal is at a 
w maximum and thereafter over a period of time corresponding to the duration of step i); and thereby 
obtaining the value of the FID signal at the beginning of step i). 

Preferably, the step of monitoring 'liquid' content comprises monitoring the FID signal immediately 
before step iii); monitoring the FID signal following step iii) from the point at which the FID signal is 
maximum and thereafter over a period of time corresponding to the combined duration of steps i) and ii); 
15 and thereby obtaining the value of the "liquid" signal at the beginning of step i). 

It will be understood that not only is the invention usable with low resolution apparatus but it could also 
be used with high resolution apparatus with much higher strength static magnetic fields. 

An example of a method and apparatus according to the invention will now be described with reference 
to the accompanying drawings in which:- 
20 Figure 1 is a schematic block diagram of the apparatus; and, 
Figure 2 illustrates a pulse sequence. 
Figure i illustrates an example of the apparatus which is based on the apparatus described in more 
detail in GB-A-2053481, incorporated herein by reference. A sample region 1. which contains a static or 
flowing sample, is surrounded by a coil 2 placed between the poles 3 of a powerful magnet, with a strength 
25 less than 1T, the direction between the poles 3 lying on a z axis. The coil 2 is aligned with a y axis, and can 
act either as a receiving coil or as a transmitting coil by virtue of a transmit/receive switch 4. The coil 2 is 
capable of transmitting rf pulses from a pulse generator 5 which reorient the magnetic moments of the 
nuclei so as to gain a component in an x and/or a y direction where x, y, and z are mutually orthogonal 
axes. The output from a phase resolving detection system 6, such as a quadrature detector, constitutes the 
30 FID signal which is processed by an amplifier 7 and microprocessor 8. 

Figure 2 illustrates a typical example of a pulse sequence used to determine the 'solid' and 'liquid' 
content of a sample in the sample region 1 . Initially, the coil 2 is energised to generate a 90 • rf pulse in the 
x direction. This initiates a free induction decay (FID) signal 40 which contains contributions from the 'solid' 
and 'liquid' components of the sample. The 'solid' and 'liquid' contents are related to the value of the FID 
35 signal at time tO denoted as F(t0) by the relationship 

F(t0) = S(t0) + L(t0) 

where S(t0) is the signal at time tO arising solely from the 'solid' component and L(t0) is the signal at time 
40 tO arising solely from the 'liquid' component. 

F(t0) cannot be measured directly because of the dead time of the receiver after the RF pulse. Instead, 
the signal received by the coil 2 (in the y direction) is monitored at time t1 as soon as possible after the 
completion of the 90 degree pulse and the value F(t1) recorded. Typically, the time t1 is in the order of 10 
microseconds after tO. 

45 After a period typically less than 25 microseconds after the completion of the first 90 degree pulse, the 
coil 2 is energised to generate a second 90 degree pulse in the y direction which causes the spins to 
rephase generating an FID echo as shown at 41. The intensity of this echo at its maximum F(t2) is 
determined and then the intensity of the FID at time t3 is determined F(t3). Both F(t2) and F(t3) are 
detected by the coil 2 in the y direction. The time t3 is set to be the same interval after time t2 as the time 

so tl is after the time to. This is because the profile of the FID from the maximum echo value at t2 to the time 
t3 is the same as the profile for the period tO-tl . 

Calculation of the contribution to the FID from the 'solid' component requires the contribution from the 
'liquid* component to be subtracted: 

55 S(t1) = F(tl) - L(tl) 
S(t2) = F(t2) - L(t2) 
S(t3) = F(t3) - L(t3) 
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Then S(t0) can be calculated using the formula: 
S(t0)/S(t1) = S(t2)/S(t3) 

The liquid components are calculated using the method described below 

. ^ e ,. COn 'P 0 "! nt °V he F,D due to ' solid ' material ^cays away relatively rapidly as shown by the 

SS? pu.se tfc2ZS2 r h*l HD S S :' e,y 10 ' HqUid ' C ° ntent ° f the Sam P' e and to measure this a 
180 pulse is generated by the co.l 2 ,n the y direction after a period following the previous 90- Dulse 

which guarantees that the 'solid' component has decayed to zero. This will be at ZS^S^LSS 
Rd'^oss ° m m a ,CrOSeC ° nds • The I 80 ' P"'~ nausea the spins to rephase and thereby causes TecSTn the 
FID whose max,mum value .s independent of any inhomogeneities in the applied magnetic field The 'liauid' 

tim^T^r *" ^ determined ^ meaSUrin9 "* Cal,bratin9 *• maximum value ^ ' F^igna. at 

iftn^ 3 " ^^V^ Ca,ibration ' the F,D si 9 nal can **> measured at a time t5 immediately preceding the 

timL tfi h f h J*? 1 3t time M 31 WhiGh *• 8Ch ° reaches a maxi ™ m (Mt4)). and It a subsequent 
t.me t6 wh,ch is defined such that the period t4-t6 is equal to the period t0-t5 (L(t6)) sequent 

val^fr^t 5 '^ l ° that described above determining the 'solid' content is then used to determine a 
value for the 'liquid' contribution to the FID signal at the time t0,L(t0). 

20 L(t0)/L(t5) = L(t4)/L(t6) 

2?*! Tr 3 !; 0 " % * e ' S ° lid ' Com P° nent «*»^ «V much faster than the relaxation of the 'liquid' 

anZv,w ^ COmponent wi " not deca V significantly in the time period to to t3 and the 

approximation 
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L(t1) = L(t2) = L(t3) = L(t0) 

can be made. 
Thus, 

S(t0)/(F(t1)-L(t0)) = (F(t2)-L(tO))/(F(t3)-L(tO)) 

M nh T ti^ a /?' Sl9 u Bl . V ! ,UeS at 6aCh time (b_t6) are determin ed by monitoring a number of points around 
each time (typ.cally at 1 microsecond intervals) and averaging those values 

... strr p,e,erawy r,pea,ed usin9 a *™ •>*• Bchni, "» -** ■*« 

A typical phase cycle (including the sequence just described above) would be as follows- 
Sequence 1: 90 +x , D +y ; 90 +y . D +y ; D +y ; 180 +y , D +y 
Sequence 2: 90- x , D- y ; 90- y , D_ y ; D. y ; 180- y> D_ y 
40 Sequence 3: 90 +y , D_ x ; 90- x> D_ x ; D. x ; 180- x , D- x 
Sequence 4: 90_ y , D +x ; 90 +x , D +x ; D +x ; 180 +x> D +x 

deteLd*^ 68 * *" SUbSCript indiCati " 9 direction in which the si 9" a ' is 

vuJLTH* be Understood that a,thou 9 h this W™» has been described in terms of 90 and 180- 

equivalent toSoTiao • ^ T"** T*? by *» USe ° f COm P° site rf P"«~ ^ing a "« effect 

3 2! ♦! PUlSeS> ° r by ° han98S to the ma 9 netic f,eld a PP |ied *> sample so as to cause 

app opnate reonentaton of the bulk magnetic vector. In addition,, angles different from 90 . - and 180- ?ould 
be used by constructing a suitable pulse sequence. ura 
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m^° d ^ . monitor ' n9 a sam P |e navi "9 'solid' and 'liquid' content, as hereinbefore defined, the 

%2£ZZT7X T " mp,e % ° * **> ma9netiC fle,d in a flrst directio " "> cause a bulk 

magnetization of the sample in the first direction and 

dirertSnf ^ bU ' k ma9neti ° * * COmponent in a second direction orthogonal to the first 

H) after a first relaxation period less than the time for the 'solid' component of the resulting FID to 
decay to zero, causing the spins of the nuclei to rephase in such a way as to give an echo from 



BNSDOCID: <EP 0605948A1_I_> 



# 



EP 0 605 948 A1 



10 

3. 

75 4. 
5. 

20 

6. 

25 7. 



which the 'solid' component in the sample can be determined; 

iii) after a second relaxation period, following step (ii). and during which the part of the FID due to 
the 'solid' content of the sample decays to zero, causing the spins of the nuclei to rephase giving an 
echo arising from the 'liquid' component of the sample; and 

iv) monitoring the resultant FID signal after step (ii) and after step (iii) to obtain a measure of the 
solid' and 'liquid' content of the sample. 

A method according to claim 1, wherein the changes in orientation of the magnetic vectors of the nuclei 
are effected by applying pulses of electromagnetic energy to the sample. 

A method according to claim 2, wherein step i) comprises applying a 90- rf pulse to the sample and 
step ..) comprises applying another 90* rf pulse to the sample, and step iii) comprises applying a 180- 
rf pulse to the sample and wherein the two 90- rf pulses are applied in mutually orthogonal directions, 

A method according to claim 3, wherein the application of 90 and 180- pulses is effected by composite 
pulses which have the nett effect of a 90 and 180- reorientation of the bulk magnetic vector 
respectively. a 

A method according to any of the preceding claims, wherein the first relaxation period is less than 25 
microseconds, preferably 1-10 microseconds. 

A method according to any of the preceding claims, wherein the second relaxation period is at least 25 
microseconds, preferably about 70 microseconds. 

A method according to any of the preceding claims, wherein the step of monitoring the •solid- 
component compnses monitoring the FID signal immediately following step i); monitoring the FID signal 
following step ii) from the point at which the FID signal is at a maximum and thereafter over a period of 
time corresponding to the duration of step i); and thereby obtaining the value of the FID signal at the 
beginning of step i). y 



30 



8. A method according to any of the preceding claims, wherein the step of monitoring 'liquid' content 
comprises monitoring the FID signal immediately before step iii); monitoring the FID signal following 
step in) from the point at which the FID signal is maximum and thereafter over a period of time 
^ rre ^ ond,n 9 t0 the combined duration of steps i) and ii); and thereby obtaining the value of the 

35 "liquid" signal at the beginning of step i). 

9. Apparatus for monitoring a sample having 'solid' and 'liquid' content as hereinbefore defined the 
apparatus comprising a magnetic field generator (3) for subjecting the sample to a static magnetic'field 
in the first direction to cause the magnetic vectors of nuclei to process about the first direction; means 
(2) for reor.ent.ng the bulk magnetic vector of the sample so as to gain a component in a plane 
orthogonal to the first direction and for monitoring the resultant FID; and control means (8) for causing 
the apparatus to carry out the steps of a method in accordance with any of claims 1 -8. 
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